INTRODUCTION
Proteins which bind to the constant (Fc) region of IgG are located on the surface of a variety of staphylococci and streptococci (Langone, 1982) . Protein A from Staphylococcus aureus is the best known of these Fc receptor molecules, and its ability to bind IgG has been exploited in many immunochemical methods (Goding, 1978; Langone, 1982) . Protein G is a bacterial cellsurface-associated protein of group C and G streptococci and binds the IgG of different subclasses of most mammalian species (Akerstr6m et al., 1985; Guss et al., 1986; Reis et al., 1986) .
In contrast with Protein A from Staph. aureus, Protein G from Streptococcus strain G148 binds to all four subclasses of human IgG; Protein A does not bind to the IgG3 subclass (Guss et al., 1986) . However, Protein A has a higher overa-ll affinity for human polyclonal IgG than does Protein G (Eliasson et al., 1989) , and the two proteins have complementary binding patterns (Guss et al., 1986; Eliasson et al., 1988) . Protein G has been shown to interact with the Fab regions of IgG, but with a 10-fold lower affinity than determined for the Fc region (Bjorck & Kronvall, 1984) and has been reported to bind F(ab')2 fragments of IgG (Erntell et al., 1988) . There are independent and separate binding regions for Fab and Fc fragments of IgG on the Protein G molecule, and the elongated structure of the molecule may permit simultaneous binding of both Fab and Fc (Erntell et al., 1988) .
The complete nucleotide sequence of the Protein G structural gene from Streptococcus G148 cloned by Olsson et al. (1987) indicates an Mr of 63294 and a pre-protein of 593 amino acids (including the N-terminal signal peptide). Protein and gene sequence analysis show that the Protein G gene has similar features to those of Protein A (Uhlen et al., 1984) . Both proteins consist of repetitively arranged domains (Sj6dahl, 1977; Fahnestock et al., 1986; Guss et al., 1986) . Whereas Protein G from the streptococcal strains GX7809 and G148 consist of two and three IgG-binding domains respectively (Fahnestock et al., 1986; Olsson et al., 1987) , Protein A from a range of different Staph. aureus strains has five IgG-binding domains (Uhlen et al., 1984; Guss et al., 1985) . Protein G (from strain G148) also binds albumin at several sites which are structurally separate from the IgG-binding sites (Akerstr6m et al., 1987; Bj6rck et al., 1987; Nygren et al., 1988; Sj6bring et al., 1988) . Sjobring et al. (1989) found Protein G from 31 strains of human group C and G streptococci had both IgG-and albumin-binding ability, which suggests both binding regions are essential to the mode of action of these bacteria. Sj6bring et al. (1988) isolated several IgG-and albumin-binding proteins, including a Protein G fragment of Mr 14000 which binds only albumin. A Protein G fragment of Mr 7500 binds IgG (Guss et al., 1986) , but the exact residues involved in binding IgG have not yet been identified. Despite the similarities of function between Protein A and Protein G, with the exception of a short sequence at the C-terminus of the proteins probably associated with membrane anchorage, the genes and amino acid sequences show no homology.
Heterogeneous Protein G has previously been prepared by chromatography on IgG-Sepharose (Guss et al., 1986; Eliasson et al., 1988) , by chromatography on DEAE-Sephadex, IgGSepharose and then Sephadex G-100 (Akerstrom & Bjorck, 1986) , and by chromatography on DEAE-cellulose, Sephadex G-100 and finally IgG-Sepharose (Bjorck & Kronvall, 1984) . Falkenberg et al. (1988) The aim of the present study was to clone the Protein G gene in order to be able to express it in a non-pathogenic host without having to use proteolytic enzymes for release of Protein G from the streptococcal cell wall, which appears to result in degradation products (Goward & Barstow, 1989) . The map of various regions on the gene coding for different functions (Guss et al., 1986; Akerstr6m et al., 1987; Sjobring et al., 1988) (Shuttleworth et al., 1987 Isolation of DNA Streptococcus G148 genomic DNA was isolated essentially as described by Guss et al. (1986) . Plasmids were purified from E. coli by Brij lysis (Clewell & Helinski, 1969) and CsCl/ethidium bromide density-gradient centrifugation (Radloff et al., 1967) . A rapid small-scale plasmid-isolation technique (Holmes & Quigley, 1981) was used for screening procedures.
Genetic manipulation procedures DNA-modifying enzymes were used in the buffers and under the conditions recommended by the supplier (Boehringer). Transformation of E. coli was essentially as described by Cohen et al. (1972) (1977) . Southern transfers and hybridization conditions were performed by previously described procedures (Southern, 1975 Affinity chromatography on IgG-Sepharose 4B. IgG-Sepharose 4B was prepared by coupling porcine IgG to CNBr-activated Sepharose 4B (5 mg of IgG/ml of matrix). The cell-extract supernatant was applied to a 1-litre IgG-Sepharose 4B column [17.5 cm long x 9 cm internal diameter (i.d.)] operated at a linear flow rate of 30 cm/h and equilibrated with 50 mM-Hepes/NaOH buffer, pH 8.0, containing 250 mM-NaCl. Unbound protein was removed with equilibration buffer and Protein G' was eluted in a single peak with 100 mM-glycine/HCl, pH 2.0. The eluate was immediately made 20 mm with respect to Tris and the pH was adjusted to 7.5 with NaOH. Protein G' was concentrated with an Amicon CH2A ultrafiltration unit fitted with an HlOPO0 hollowfibre cartridge.
Anion-exchange chromatography on Q-Sepharose FF. The concentrated IgG-Sepharose 4B eluate was further purified in portions on a 32 ml column (16 cm x 1.6 cm i.d.) of Q-Sepharose FF operated at a linear flow rate of 60 cm/h and equilibrated with 20 mM-Tris/HCl, pH 7.5. The column was washed with equilibration buffer and the protein was eluted with a linear gradient of 0-500 mM-NaCl in 20 mM-Tris/HCl, pH 7.5.
Anion-exchange chromatography on Mono Q. The major fractions purified as above were separated by f.p.l.c. (Pharmacia LKB, Sweden) on an 8 ml Mono Q HR 10/10 column. The column was operated at a linear flow rate of 230 cm/h and equilibrated with 20 mM-Tris/HCl, pH 7.5. A 500,l portion of concentrated IgG-Sepharose 4B eluate was applied. The column was washed with equilibration buffer and protein was eluted with a linear gradient of 0-250 mM-NaCl in 20 mM-Tris/HCI, pH 7.5. NaCl/2.7 mM-KCl, pH 7.4, containing 0.10% (v/v) (Laemmli, 1970) . Proteins were stained with Coomassie Brilliant Blue R-350, and protein bands were scanned with a Chromoscan-3 laser optical densitometer (Joyce-Loebl, Gateshead, Tyne and Wear, U.K.), to estimate the apparent Mr.
Western blotting
Proteins were applied to nitrocellulose membranes by electrophoretic transfer from SDS/polyacrylamide gels as described by Towbin et al. (1979) . The nitrocellulose membranes were incubated with 251I-labelled human polyclonal IgG or HSA to detect the Protein G. Autoradiography was performed at -70 'C with Kodak X-Omat S X-ray film.
Determination of pl
The pI of Protein G was determined with a Pharmacia PhastGel apparatus and broad-pH-range gels (pH 3.5-9.5), followed by narrow-pH-range gels (pH 4.0-6.5) as described by the manufacturer (Pharmacia-LKB). The appropriate Pharmacia-LKB calibration protein kits were used, and the pl was estimated from densitometer scans of the protein bands.
N-Terminal sequencing
N-Terminal sequence analysis was performed to locate the proteins on the gene sequence. Sequences were determined on an Applied Biosystems 470A protein sequencer by automated Edman phenylthiohydantoin degradation . Protein G samples were dialysed against 50 mM-NaCI, and about 500 pmol was applied to the gas-phase sequencer. The equipment was operated essentially according to the manufacturer's instructions. Repetitive Edman degradations provided sequential removal of amino acids from the peptide, which were identified by using reversed-phase h.p.l.c. .
RESULTS AND DISCUSSION Cloning and characterization of the Protein G gene from Streptococcus G148
The strategy to clone the Streptococcus G148 Protein G (SPG) gene was to use the previously determined incomplete DNA sequence (Guss et al., 1986 ) to design specific oligonucleotide probes for detection of the gene. Thus two synthetic oligonucleotides were constructed; SPGl (sequence 5'-GGTAAAA-CATTGAAAGGCGAA) specific for the C repeat regions (Guss et al., 1986 ) and SPG2 (sequence 5'-AAATATGGAGT-AAGTGACTAT) specific for the A repeat regions, each being represented three times in the Streptococcus G148 sequence (Fig. la) .
Streptococcus GX7805 was shown to have a 2.3 kb HindIII fragment containing the SPG gene (Fahnestock et al., 1986; Filpula et al., 1987) . As the nucleotide sequence of GX7805 was shown to be identical with that of the SPG gene (Guss et al., 1986; Filpula et al., 1987; Olsson et al., 1987) we attempted to clone the entire SPG gene as a single HindIII fragment. HindIIIdigested fragments of genomic DNA isolated from Streptococcus G148 were subjected to Southern-blot analysis (Southern, 1975) and probed independently with 32P-labelled oligonucleotides SPG1 and SPG2. However, both probes hybridized to a 4.2 kb fragment. Streptococcus G148 genomic DNA was digested with HindlIl, separated by electrophoresis on a I % (w/v)-agarose gel, and DNA fragments of 4.0-4.4 kb were excised and purified by electroelution. The purified genomic DNA fragments were ligated to Hindlll dephosphorylated plasmid vector pUC8 and transformed into E. coli TG2.
In all 1000 colonies were probed by colony hybridization in situ (Grunstein & Hogness, 1975) using the SPG1 and SPG2 oligonucleotides, and nine positives were detected. Plasmid DNA was isolated from four by CsCl density-gradient centrifugation (plasmids pSPG2, 3, 5 and 6) and characterized by restrictionendonuclease analysis. Clones pSPG3, 5 and 6 showed identical restriction-endonuclease cleavage patterns after digestion with PstI, EcoRI, Dral and HindlIl. Single and double restriction enzyme digests were performed on pSPG3 and a 'crude' restriction endonuclease cleavage map was constructed (Fig. lb) , which correlated well with the restriction-endonuclease cleavage maps of previously cloned Protein G genes (Guss et al., 1986; Fahnestock, 1987) . The SPG gene in the plasmid construct pSPG3 was found to be in the opposite orientation to the lac promoter of the vector pUC8; thus expression of Protein G from this clone was from its own promoter. The clone produced a protein which bound human polyclonal IgG and HSA, as confirmed by Western-blot analysis and e.l.i.s.a.
Sequencing of clone pSPG3
The 4.2 kb HindIll fragment from pSPG3 (Fig. Ic, i ) was purified by gel electroelution; M 13 templates isolated from sonicated fragments of this circularized HindIlI fragment were DNA-sequenced. Three changes in the sequence were found from that previously published (Guss et al., 1986; Olsson et al., 1987) , as shown in Fig. 2 . All were located in the 5' non-coding region of the gene; two of these were direct changes, whereas the third was an insertion. (Fig. 2) . To prevent read-through, a guanine residue was inserted at nucleotide position 1262 after the TAA stop codon to alter the reading frame of the gene and introduce further stop codons downstream (Fig. 2 ). Mutants were confirmed by DNA sequenciag. The mutated gene was designated pMSPG594-12 (Fig. 1c, ii) . The albumin-binding domains were deleted from pMSPG594-12 by looping out the relevant regions with an oligonucleotide (5'-TAAAATTTCATCTATGAAGAATTCT-TTAAG) that hybridized to the sequence 15 bp before the Al domain and 15 bp after the A3 domain. Removal of the albuminbinding domains was confirmed by DNA sequencing of the final mutant, pMSPG631 (Protein G'), using primers from the mutation (Fig. c, iii) . Nucleotide-sequence analysis of pSPG29 The original aim of this work was to isolate a derivative of the Protein G gene and to express a protein that lacked the portion containing albumin-binding domains Al, BI, A2, B2 and A3 and terminated after the C3 domain (Fig. 1) . However, N-terminal protein sequence analysis (Fig. 2) showed translation was initiated several residues into one of the C domains. To clarify this anomaly, the nucleotide sequence of clone pSPG29 was determined. The BamHI-BglII fragment from pSPG29 containing the Protein G' was purified by gel electroelution; M 13 templates isolated from sonicated fragments of this circularized fragment were sequenced (Fig. 2) . Sequencing confirmed the two mutations introduced by site-directed mutagenesis and the three differences already discussed that existed between our sequence and the sequences previously published (Guss et al., 1986; Olsson et al., 1987 ). However, a major additional and unsought change was the deletion of a single guanine residue from the original sequence between nucleotide positions 564 and 565 (Fig.  2) , which changed the reading frame of the gene. The deletion was found to have probably occurred during construction of pMSPG594-12. As a consequence, the open reading frame of the gene was not preserved, and stop codons were introduced immediately downstream of this deletion (Fig. 2) . This accounts for the absence of full-length Protein G. The TTG codon at nucleotide positions 705-707 was found (by N-terminal sequence analysis of pure protein) to have acted as an alternative initiation codon within the gene, giving rise to a functional IgG-binding protein (Protein G'). (1987) . The C' region corresponds to Cl, but translation of the protein was initiated part of the way into this domain. The boxed regions show the stop codons. Differences between this sequence and that described by Olsson et al. (1987) are: 1, substitution of G for C; 2, insertion of C; 3, substitution of T for A; 4, deletion of G and a corresponding shift in the reading frame; 5, stop codon introduced due to the shift in reading frame; 6, HSA-binding domains deleted; 7, translation initiated again; 8, stop codon introduced;
9, insertion of G to prevent any possible continuation of translation by introduction of putative stop codons, 10 and 11. Differences 1, 2 and 3 are also found in the native Protein G gene. The N-terminal amino acid sequence of the purified protein is indicated by a continuous line.
Vol. 267 Guss et al. (1986) reported translation of two proteins from an EcoRI-HindIII fragment, both of which had the same N-terminal sequence as the Protein G' we have prepared; translation was thought to be initiated in the system using the TTG codon at nucleotide positions 705-707 and 915-917 (Fig. 2) . Guss et al. (1986) also postulated a poor ribosomal binding sequence of GGT complementary to the 16S rRNA of prokaryotes upstream from the TTG start codon. However, the -10 and -35 promoter sequences recognized by E. coli that Guss et al. (1986) suggested, must be ruled out in our gene, since they lie within the A and B repeat regions which have been removed by site-directed mutagenesis.
Purification
The protein was heterogeneous after affinity chromatography, possibly due to proteolytic 'nicking' of the molecule. Anionexchange chromatography on Q-Sepharose FF removed some of the smaller contaminating Protein G' fragments, but anionexchange chromatography on Mono Q HR (Fig. 3 ) was used to prepare Protein G' with an overall recovery of 45 %, which gave a single protein band after SDS/PAGE and isoelectric focusing (Figs. 4 and 5) . Results in Table 1 show Protein G' was expressed at 0.4 % total soluble cell protein; and in different cultures results have ranged between 0.3 and 0.6%.
SDS/PAGE
SDS/PAGE showed the IgG-Sepharose 4B eluate contained a heterogeneous mixture of protein (Fig. 4) , but Western-blot analysis with 1251I-human polyclonal IgG showed the minor bands to bind IgG and therefore they may be post-translational products. The apparent Mr of 35000 is in conflict with the predicted Mr of about 20000. Other authors observed that recombinant IgG-binding proteins had lower mobilities on SDS/PAGE than the full amino acid sequence would predict (Guss et al., 1986; Nygren et al., 1988) . This anomalous behaviour may be attributable to an excessively elongated structure of the molecule in SDS, low SDS binding to the protein or a C-terminal post-translational modification (limited proteolytic cleavage) of the protein removing disproportionate capacity for SDS binding. pI The pl of Protein G' was shown to be 4.19 by using narrowrange (pH 4.0-6.5) isoelectric-focusing gels (Fig. 5) , and the theoretical pI was calculated as 4.20 by the computer program of DNASTAR Inc. The pI of Protein G cleaved from the cell walls of Streptococcus G148 with papain was determined to be less than 3.5 (Akerstrom & Bj6rck, 1986) .
N-Terminal sequence
The first 35 N-terminal amino acid residues of the Protein G' molecule were sequenced and are indicated by the continuous line in Fig. 2 of the IgG-binding domains; however, Guss et al. (1986) (Eliasson et al., 1989) . Guss et al. (1986) 
